© ESC European Heart Journal (2023) 44, 2234-2243 CLINICAL RESEARCH 


European Society https://doi.org/10.1093/eurheartj/ehad339 i i j 
of Cardiology Heart failure and cardiomyopathies 


COVID-19 vaccination-related myocarditis: 
a Korean nationwide study 


Jae Yeong Cho 012, Kye Hun Kim © 1,25 Nuri Lee ©”, Soo Hyeon Cho’, 
Seung Yun Kim‘, Eun Kyoung Kim’, Jae-Hyeong Park © *, Eui-Young Choi © °, 
Jin-Oh Choi ©”, Hyukjin Park © 3, Hyung Yoon Kim ©?, Hyun Ju Yoon © *”, 
Youngkeun Ahn © *?, Myung Ho Jeong © *”, and Jeong Gwan Cho © 1? 


"Department of Cardiovascular Medicine, Chonnam National University Medical School, 160 Baekseo-ro, Dong-gu, Gwangju 61469, Korea; Department of Cardiovascular Medicine, 
Chonnam National University Hospital, 42 Jebong-ro, Dong-gu, Gwangju 61469, Korea; *Department of Cardiovascular Medicine, Chonnam National University Hwasun Hospital, 322 
Seoyang-ro, Hwasun, Jeollanam-do 58128, Korea; 4COVID-19 Vaccination Task Force Adverse Event Investigation Team, Korea Disease Control and Prevention Agency, Osong Health 
Technology Administration Complex, 187, Osongsaengmyeong 2-ro, Osong-eup, Heungdeok-gu, Cheongju, Chungcheongbuk-do 28159, Korea; *Department of Cardiology in Internal 
Medicine, Chungnam National University Hospital, Chungnam National University, 282 Munhwa-ro, Jung-gu, Daejeon 35015, Korea; Division of Cardiology, Heart Center, Gangnam 
Severance Hospital, Yonsei University College of Medicine, 211, Eonju-ro, Gangnam-gu, Seoul 06273, Korea; and 7Division of Cardiology, Department of Medicine, Heart Vascular Stroke 
Institute, Samsung Medical Center, Sungkyunkwan University School of Medicine, 81 Irwon-Ro Gangnam-gu, Seoul 06351, Korea 


Received 12 November 2022; revised 2 April 2023; accepted 16 May 2023; online publish-ahead-of-print 2 June 2023 


Abstract 


Aims A comprehensive nationwide study on the incidence and outcomes of COVID-19 vaccination-related myocarditis (VRM) is 
in need. 


Methods Among 44 276 704 individuals with at least 1 dose of COVID-19 vaccination, the incidence and clinical courses of VRM cases 

and results confirmed by the Expert Adjudication Committee of the Korea Disease Control and Prevention Agency were analyzed. 
COVID-19 VRM was confirmed in 480 cases (1.08 cases per 100 000 persons). Vaccination-related myocarditis incidence 
was significantly higher in men than in women (1.35 vs. 0.82 per 100 000 persons, P < 0.001) and in mRNA vaccines than in 
other vaccines (1.46 vs. 0.14 per 100 000 persons, P < 0.001). Vaccination-related myocarditis incidence was highest in males 
between the ages of 12 and 17 years (5.29 cases per 100 000 persons) and lowest in females over 70 years (0.16 cases per 
100 000 persons). Severe VRM was identified in 95 cases (19.8% of total VRM, 0.22 per 100 000 vaccinated persons), 85 
intensive care unit admission (17.7%), 36 fulminant myocarditis (7.5%), 21 extracorporeal membrane oxygenation therapy 
(4.4%), 21 deaths (4.4%), and 1 heart transplantation (0.2%). Eight out of 21 deaths were sudden cardiac death (SCD) at- 
tributable to VRM proved by an autopsy, and all cases of SCD attributable to VRM were aged under 45 years and received 
mRNA vaccines. 


Conclusion Although COVID-19 VRM was rare and showed relatively favorable clinical courses, severe VRM was found in 19.8% of all 
VRM cases. Moreover, SCD should be closely monitored as a potentially fatal complication of COVID-19 vaccination. 
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Structured Graphical Abstract 


Key Question 


What are the nationwide incidence and clinical outcomes of COVID-19 vaccination-related myocarditis (VRM) in the entire vaccinated 


Korean population? 


Key Finding 


Severe VRM was found in 95 (19.8%) out of 480 VRM cases: 85 intensive care unit admissions (17.7%), 36 fulminant myocarditis (7.5%), 
21 extracorporeal membrane oxygenation (4.4%), 21 deaths (4.4%) including 8 sudden cardiac deaths, and one heart transplantation 


(0.2%). 


Take Home Message 


COVID-19 VRM is very rare (1.08 cases per 100 000 vaccinated persons). Severe COVID-19 VRM is found in about one fifth of all VRM 
cases. Sudden cardiac death should be carefully monitored as a potentially fatal complication of COVID-19 vaccination, especially in 


individuals under 45 years who have received mRNA vaccines. 


Incidence of COVID-19 VRM 


The population with at least 
one dose of vaccination against 
COVID-19 until Dec 31, 2021 

(n=44 276 704) 


Presumptive VRM reported until 
May 31, 2022 (n=1533) 


Confirmed VRM adjudicated by 
expert committee (n=480) 


The overall incidence was 1.08 per 
100 000 vaccinated persons in Korea 


SCD was considered a potentially 
fatal complication of COVID-19 
vaccination, especially in 
individuals under 
45 years and receiving 
mRNA vaccines 


% of patients with adverse outcome among 480 VRM cases 


ICU admission 


Fulminant myocarditis 


ECMO treatment 


SCD due to VRM 
proven by autopsy 


Heart transplantation 


Study flowchart and summary of the percentage of patients with adverse outcomes among 480 cases of COVID-19 vaccination-related 
myocarditis. VRM, vaccine-related myocarditis; SCD, sudden cardiac death; ICU, intensive care unit; ECMO, extracorporeal membrane oxygenation 


Introduction 


Vaccine-related myocarditis (VRM) is a rare complication of COVID-19 
vaccines.’ Large cohort and epidemiologic studies have suggested that 
COVID-19 VRM is associated with the use of mRNA vaccines, especial- 


ly in young males and after the second dose of vaccination, and usually 


develops within 7 days after vaccination.*-¢ 


The reported incidence of COVID-19 VRM varies among studies 
with 1.4—5.0 per 100 000 vaccinated persons because of the differences 
in the study population. COVID-19 VRM is generally known to be mild 


in severity with favorable short-term clinical outcomes.” * However, 
there are several reported COVID-19 VRM cases showing unfavorable 
clinical outcomes such as fulminant myocarditis (FM) or even death.”~? 

Therefore, further studies involving entire nationwide vaccinated 
people with a consistent reporting system will be needed to minimize 
selection bias. Because the Korea Disease Control and Prevention 
Agency (KDCA) organized a national reporting system for adverse 
events associated with COVID-19 vaccination, we analyzed the nation- 
wide incidence and clinical outcomes of COVID-19 VRM in the entire 
vaccinated Korean population. 
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Table 1 Baseline characteristics 
Characteristics Korean population (n = 51 349 116) Vaccinated population (n = 44 276 704) VRM (n = 480) 
E nea Se ii a ae a iioii su 
Age group (years), n (%) 
<12 4441 020 (9) 
12-17 2 768 836 (5) 2076 259 (5) 78 (16) 
18-29 7 619 756 (15) 7 415 068 (17) 161 (34) 
30-39 6 686 639 (13) 6 313 754 (14) 86 (18) 
40-49 8 109 221 (16) 7 706 804 (17) 63 (13) 
50-59 8570076 (17) 8 361 166 (19) 55 (12) 
60-69 7 140 703 (14) 6 913 088 (16) 23 (5) 
>70 6012 865 (11) 5 490 565 (12) 14 (3) 
Sex, n (%) 
Female 25 746 790 (50) 22 118 827 (50) 181 (38) 
Male 25 602 326 (50) 22 157 877 (50) 299 (62) 
Symptoms or signs, n (%) 
Chest pain or discomfort 287 (60) 
Dyspnea 128 (27) 
Fever 76 (16) 
Palpitation 60 (13) 
Vital signs, mean (SD) 
Systolic BP (mmHg) 121. 2 (25.3) 
Diastolic BP (mmHg) TE 4 (AAD) 
Heart rate (b.p.m.) 86.4 (22.1) 
Body temperature (°C) 36. 9 (0.8) 
Coexisting illness, n (%) 
Diabetes mellitus 6 (2) 
Hypertension 26 (8) 
Dyslipidemia 10 (3) 
CAD 2 (1) 
CVA 1 (0) 
Type of vaccine, n (%) 
BNT162b2 24 828 152 (56) 306 (64) 
mRNA-1273 6 781 796 (15) 156 (33) 
ChAdOx1 11 156 646 (25) 15 (3) 
Ad26 1510110 (3) 3 (1) 
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The population of Korea is from Korean Statistical Information Service (http://kosis.kr/eng/). 
VRM, vaccine-related myocarditis; BP, blood pressure; CAD, coronary artery disease; CVA, cerebrovascular accident; SD, standard deviation; IQR, interquartile range. 


institutions, vaccinated individuals, or guardians can report any adverse 


Methods 


Data collection 
The Korean government organized the COVID-19 Vaccination Task 


events after COVID-19 vaccination to the official website (nip.kdca.go.kr) 
of the KDCA or regional public health centers. The Korea Disease 
Control and Prevention Agency also established a reporting system 
Force Adverse Event Investigation Team within the KDCA to screen for with a legal obligation for special adverse events including myocarditis 


all adverse events associated with COVID-19 vaccination. Medical and pericarditis after COVID-19 vaccination. Physicians or healthcare 
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Figure 1 Time from COVID-19 vaccination to symptom onset. 


providers who treat or detect special adverse events should make a legal 
report to the KDCA. 

To evaluate all reported cases of suspected myocarditis or pericarditis 
after COVID-19 vaccination, the KDCA organized the Expert Adjudication 
Committee on COVID-19 Vaccination Pericarditis/Myocarditis. The commit- 
tee comprised 7 experts in cardiology, 1 in infectious disease, 2 in epidemi- 
ology, epidemiologic investigators in 16 regional centers, and officials from 
the KDCA. Epidemiologic investigators collected and investigated all medical 
records and provided those data to the committee. 


Study design and population 

This is a retrospective nationwide report including all vaccinated Korean 
people, and the institutional review board of the KDCA approved the study 
protocol (IRB number: 2022-03-07-PE-A). 

From 26 February to 31 December 2021, 44 276 704 individuals older 
than 12 years (94.4% of Korean older than 12 years) were vaccinated 
with at least one dose of COVID-19 vaccines: ChAdOx1 (n= 
11 156 646), BNT162b2 (n = 24 828 152), mRNA-1273 (n= 6 781 796), 
or Ad26.COV2.S (n=1510110). The second dose of COVID-19 
vaccines was given in 41084 830 persons: ChAdOx1 (n= 11 093 528), 
BNT162b2 (n= 23 369725), or MRNA-1273 (n=6 621577). A third 
dose of COVID-19 vaccines was administered in 18411821 
persons: BNT162b2 (n= 11458 290), mRNA-1273 (n= 6930450), or 
Ad26.COV2.S (n = 23 081). 


Diagnosis of COVID-19 VRM 
Among 44 276 704 subjects vaccinated from 26 February to 31 December 
2021, 1533 cases of suspected myocarditis were reported to the KDCA. 
The Expert Adjudication Committee on COVID-19 Vaccination 
Pericarditis/Myocarditis has been held every week, and the committee re- 
viewed all records for the verification of VRM diagnosis. 

The committee adopted the myocarditis case definition and classification 
of the Brighton Collaboration (BC) for the diagnosis and degree of certainty 
of VRM diagnosis [BC. Myocarditis/pericarditis case definition. The Task 


Force for Global Health, 16 July 2021 (https://brightoncollaboration.us/ 
myocarditis-case-definition-update/)]. Acute myocarditis developed within 
42 days after COVID-19 vaccination was considered as COVID-19 VRM. 
To minimize the risk of an inaccurate diagnosis, the committee rejected 
the level 3 BC case definition of myocarditis and the level 2 BC case without 
elevation of cardiac troponin and cases with a positive result for COVID-19 
infection. Furthermore, the adjudication committee has examined other 
potential causes of myocarditis, such as the presence of antibodies against 
various viruses and autoimmune markers in their review of the medical 
records. 

Initial cardiac troponin was measured when patients visited the hospital 
with symptoms after vaccination and followed up on a daily basis until the 
values normalize. 

Vaccination-related myocarditis requiring intensive care unit (ICU) ad- 
mission, fulminant myocarditis (FM), the use of extracorporeal membrane 
oxygenation (ECMO), death, or heart transplantation was considered se- 
vere VRM in this study. 


Statistical analysis 

Continuous variables were described as mean (standard deviation) or 
medians with interquartile ranges (IQR) compared using Student’s t-test 
or Mann—Whitney U test. Categorical variables were compared using 
the x’ test or Fisher’s exact test. Kaplan-Meier analysis was performed 
to estimate the cumulative incidence of myocarditis at 42 days after the 
last vaccine dose. Receiver operating characteristic curve analysis was per- 
formed to identify the cut-off values of age and systolic blood pressure for 
prediction of severe VRM. Binary logistic regression was used to deter- 
mine the independent predictors of severe VRM. Variables with P < 0.1 
on univariate regression analysis and clinically relevant variables were 
tested in the model. All statistical tests were two-tailed, and P values 
<0.05 were considered significant. All analyses were performed using 
the Statistical Package for Social Sciences, version 21.0 (SPSS-PC, 
Chicago, IL) and R Statistical Software version 4.2.1 (R Foundation for 
Statistical Computing, Vienna, Austria). 
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Table 2 Incidence of COVID-19 VRM 

Vaccinated VRM Incidence of VRM 
population (no.) no./100 000 

(no.) persons (95% CI) 

co 44276704 480 1.08 (0.99-1.19) 
12-17 years 2.076 259 78 3.76 (2.97-4.69) 
18-29 years 7415 068 161 2.17 (1.85-2.53) 
30-39 years 6 313 754 86 1.36 (1.09-1.68) 
40-49 years 7 706 804 63 0.82 (0.63—1.05) 
50-59 years 8 361 166 55 0.66 (0.50-0.86) 
60-69 years 6913 088 23 0.33 (0.21—-0.50) 
> 70 years 5 490 565 14 0.26 (0.14-0.43) 
Males 22 157 877 299 1.35 (1.20-1.51) 
12-17 years 1171 550 62 5.29 (4.06-6.78) 
18-29 years 3 920 277 115 2.93 (2.42-3.52) 
30-39 years 3 381 709 52 1.54 (1.15-2.02) 
40-49 years 3954215 27 0.68 (0.45-0.99) 
50-59 years 4245 958 19 0.45 (0.27-0.70) 
60-69 years B293 15 0.46 (0.26-0.75) 
> 70 years 2186975 9 0.41 (0.19-0.78) 
Females 22 118 827 181 0.82 (0.70-0.95) 
12-17 years 1105 176 16 1.45 (0.83-2.35) 
18-29 years 3 544 543 46 1.30 (0.95-1.73) 
30-39 years 2977 337 34 1.14 (0.79-1.60) 
40—49 years 3 797 674 36 0.95 (0.66-1.31) 
50-59 years 4173776 36 0.86 (0.60-1.19) 
60-69 years 3 431 287 8 0.23 (0.10-0.46) 
> 70 years 3 089 034 5 0.16 (0.05-0.38) 


VRM, vaccine-related myocarditis; Cl, confidence interval. 


Results 


Baseline characteristics 

Among 1533 cases of suspected acute myocarditis reported to the 
KDCA, the Expert Adjudication Committee on COVID-19 Vaccination 
Pericarditis/Myocarditis confirmed 480 cases of COVID-19 VRM. 
Baseline characteristics are summarized in Table 1. 

COVID-19 VRM was common in males (62.3%), ages under 40 years 
(67.9%), and after the use of mRNA vaccines (96.3%). Chest pain or dis- 
comfort was the most common presenting symptom, and the median 
time from the vaccination to symptom onset was 3 days (IQR, 1—10 
days) (Figure 1). 


Incidence of COVID-19 VRM 
The incidence of COVID-19 VRM is summarized in Table 2. 

The overall incidence was 1.08 per 100000 vaccinated persons 
(Figure 2A). COVID-19 VRM incidence was significantly higher in men 
than in women (1.35 vs. 0.82 per 100 000 persons, P < 0.001). 


COVID-19 VRM incidence was highest in mRNA-1273 vaccine [2.30 
per 100000 persons (95% Cl, 1.95 to 2.69)] and followed by 
BNT162b2 [1.23 per 100 000 persons (95% Cl, 1.10 to 1.38)], Ad26 
(0.20 [95% Cl, 0.04 to 0.58] per 100000 persons), and ChAdOx1 
[0.14 (95% Cl, 0.08 to 0.22) per 100 000 persons] (Figure 2B). VRM in- 
cidence was significantly higher in mRNA vaccines than in other vac- 
cines (1.46 [95% Cl, 1.33 to 1.60] vs. 0.14 [95% Cl, 0.08 to 0.23] per 
100 000 persons, P < 0.001). 

The incidence of VRM was highest in males between the ages of 12 
and 17 years [5.29 (95% Cl, 4.06 to 6.78) per 100 000 persons] fol- 
lowed by males between the ages of 18 and 29 years 2.93 (95% Cl, 
2.42 to 3.52) and lowest in females aged more than 70 years [0.16 
(95% Cl, 0.05 to 0.38) per 100 000 persons]. 

COVID-19 VRM incidence was 0.47 per 100 000 persons after the 
first vaccination dose, 0.55 per 100 000 persons after the second vac- 
cination dose, and 0.24 per 100 000 persons after the third vaccination 
dose. COVID-19 VRM incidence was not different between the first 
and second vaccination doses, but it was significantly lower in the third 
vaccination dose than in the first or second vaccination dose. 

COVID-19 VRM incidence after the first vaccination dose was not 
different between men and women [0.47 (95% Cl, 0.39 to 0.57) vs. 
0.47 (95% Cl, 0.38 to 0.57) per 100000 persons, P= 1.000]. 
However, the incidence of VRM after the second vaccination dose 
was significantly higher in men than in women [0.76 (95% Cl, 0.65 to 
0.89) vs. 0.31 (95% Cl, 0.24 to 0.39) per 100 000 persons, P < 0.001]. 

There were only two heterologous vaccination schemes in Korea 
during the study period: ChAdOx1 followed by BNT162b2 (n=1 
789915) and mRNA-1273 followed by BNT162b2 (n= 98 761). 
There were no VRM reported with mRNA-1273 followed by 
BNT162b2. However, 8 individuals were diagnosed with VRM out of 
1 789 915 ChAdOx1 followed by BNT162b2 heterologous vaccination 
scheme [0.45 cases per 100 000 persons (95% Cl, 0.19 to 0.88)]. 


Laboratory and imaging findings 
Cardiac troponin levels were elevated in 464 COVID-19 VRM cases 
(96.7%). Vaccine-related myocarditis was confirmed by the endo- 
myocardial biopsy (see Supplementary data online, Figure $1) or cardiac 
magnetic resonance (CMR) in the remaining 16 cases, even though car- 
diac troponin levels were not measured or elevated. 

Electrocardiography (ECG) was available in 322 cases (67.1%), and 
ECG findings are summarized in Supplementary data online, Table $1. 
Electrocardiography findings were normal only in 104 out of 322 
VRM cases (32.3%). The most common ECG abnormality was 
ST-segment elevation (134 cases: 41.6%). During hospitalization, sus- 
tained ventricular tachycardia or fibrillation was observed in 16 cases 
(5.0%). 

Echocardiography was available in 285 cases (59.4%). Left ventricular 
ejection fraction (LVEF) < 50% was found in 66 out of 285 VRM cases 
(23.2%). 

Cardiac magnetic resonance was available in 78 cases (16.3%), and 61 
cases (72.7%) showed compatible findings of acute myocarditis. Left 
ventricular ejection fraction <50% was found in 26 cases (33.3%), 
and late gadolinium enhancement was shown in 54 cases (69.2%). 


Clinical courses of COVID-19 


vaccine-related myocarditis 

Severe COVID-19 VRM was identified in 95 cases (19.8%), 85 ICU ad- 
missions (17.7%), 36 FM (7.5%), 21 ECMO therapies (4.4%), 21 deaths 
(4.4%), and 1 heart transplantation (0.2%). 
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Figure 2 Kaplan-Meier estimates of the incidence of COVID-19 vaccine-related myocarditis. (A) Cumulative incidence per 100 000 persons in the 
total vaccinated population and males and females between age 12 and 17 and (B) cumulative incidence per 100 000 persons in the total vaccinated 


population according to vaccine type. 
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Table 3 Sudden cardiac death cases attributable to COVID-19 VRM 


Case Age Sex Vaccination to Types of Order of 
death (days) vaccine vaccination 
1 22 M 6 BNT162b2 1 
2 30 F 3 BNT162b2 1 
3 45 M 3 BNT162b2 2 
4 25 M 3 BNT162b2 2 
5 45 M 3 BNT162b2 2 
6 36 F 2 mRNA-1273 1 
7 88 M 1 mRNA-1273 2 
8 33 M 3 mRNA-1273 2 


VRM, vaccine-related myocarditis; AV, atrioventricular; SA, sinoatrial. 


Fulminant myocarditis cases are summarized in Supplementary data 
online, Table S2. Extracorporeal membrane oxygenation was applied in 
21 out of 36 FM cases (58.3%). During hospitalization, 13 out of 36 FM 
cases (36.1%) died (9 deaths in ECMO cases). Heart transplantation 
was done successfully in one case, and the histopathologic examination 
of the explanted heart demonstrated giant cell myocarditis. 

Autopsy studies were done for sudden death cases after COVID-19 
vaccination in Korea because of an issue regarding the National 
Compensation Liability and identified eight sudden cardiac death 
(SCD) cases attributable to COVID-19 VRM. Eight autopsy-proven 
VRM cases are summarized in Table 3. Sudden cardiac death was devel- 
oped within a week after the vaccination and in individuals aged under 
45 years in all cases. All SCD cases received mRNA vaccines. 

Comparisons between severe and non-severe COVID-19 VRM are 
summarized in Table 4. Female sex, older age, symptoms of dyspnea or 
fever, and low blood pressure were more significantly associated with 
severe COVID-19 VRM. Multivariate analysis showed that low systolic 
blood pressure (<100 mmHg) and older age (>40 years) were inde- 
pendent predictors of developing severe VRM (see Supplementary 
data online, Table $3). 


Third vaccination dose and COVID-19 


vaccine-related myocarditis 

COVID-19 VRM after the third vaccination dose comprised 44 out of 
480 cases (9.2%). COVID-19 VRM incidence after the third COVID-19 
vaccination was 0.24 per 100 000 persons and significantly lower than 
that of the first or second vaccination dose (Table 5). Among 44 cases, 
severe VRM was identified in 4 cases (9.1%), 4 ICU admissions (9.1%), 2 
FM (4.6%), and 2 deaths (4.6%). 


Histopathologic findings 


Diffuse inflammatory infiltration, with neutrophil and histiocyte 
predominance in both atria and near AV node and SA node. Free of 
inflammatory infiltrates in ventricular myocardium. 


Diffuse inflammatory cell infiltration, myocardial fiber disarray, 
interstitial fibrosis, and localized necrosis of myocyte. 


Localized infiltration of neutrophils, lymphocytes, histocyte, and a few 
eosinophils was noted. A small number of cardiomyocyte necrosis 
were also seen. 


Myocarditis 


nterstitial infiltration of various inflammatory cells including 
lymphocyte, neutrophil, eosinophil, and focal necrosis suggesting the 
diagnosis of myocarditis. 


Neutrophil, eosinophil, and histiocyte infiltration in the myocardium 
suggesting acute myocarditis. 


Multiple focal infiltrations of acute inflammatory cells and chronic 
inflammatory cells in the myocardium. 


Various inflammatory cells such as neutrophils, eosinophils, 
lymphocytes, macrophages, and cardiomyocyte necrosis in the 
myocardial interstitium and epicardium suggested myocarditis. 


Discussion 


The present nationwide study involving more than 44 million vaccinated 
individuals in Korea demonstrated several clinically important findings 
on acute myocarditis after COVID-19 vaccination. First, VRM was a 
very rare complication of COVID-19 vaccination (1.08 cases per 
100 000 vaccinated persons) and mainly developed in association 
with mRNA vaccines, especially in young males. Second, the demo- 
graphic characteristics of COVID-19 VRM differed from those of the 
previous studies. Third, notably, we demonstrated severe COVID-19 
VRM including FM or death was not uncommon (19.8% of total 
VRM). Sudden cardiac death attributable to COVID-19 VRM demon- 
strated in this study warrants the careful monitoring or warning of 
SCD as a potentially fatal complication of COVID-19 vaccination, espe- 
cially in individuals who are ages under 45 years with mRNA vaccin- 
ation. Fourth, the incidence of severe cases of COVID-19 VRM 
significantly decreased in the third vaccination than in the first or second 
COVID-19 vaccination (Structured Graphical Abstract). 

The incidence of COVID-19 VRM was 1.08 cases per 100 000 vacci- 
nated persons for all vaccines (2.30 for mRNA-1273, 1.23 for 
BNT162b2) in this nationwide Korean report. The reported incidences 
of myocarditis after COVID-19 vaccination vary among studies with 
1.4-5.0 per 100 000 vaccinated persons.” In a large cohort study in 
Israel, VRM was identified in 54 cases out of 2.5 million vaccinated in- 
dividuals, and the estimated incidence of myocarditis after mRNA vac- 
cination was 2.13 per 100 000 vaccinated persons within the 42 days 
after the first vaccine dose. An analysis of the Vaccine Adverse Event 
Reporting System (VAERS) identified 1626 VRM cases out of 
192 405448 persons after COVID-19 mRNA vaccination in the 
USA? In the study of Denmark,* the incidence of myocarditis was 
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Table 4 Comparisons between severe and non-severe COVID-19 VRM 


Characteristics Severe VRM (n= 95) 


Median age (years), 36 (22-51) 
median (IQR) 
Age group (years), n (%) 
12-17 15 (16) 
18-29 23 (24) 
30-39 14 (15) 
40-49 18 (19) 
50-59 11 (12) 
60-69 10 (11) 
>70 4 (4) 
Sex, n (%) 
Female 46 (48) 
Male 49 (52) 
Presenting symptoms and signs, n (%) 
Chest pain or 56 (59) 
discomfort 
Dyspnea 38 (40) 
Fever 26 (27) 
Palpitations 5 (6) 
Vital signs on admission, mean (SD) 
Systolic BP (mmHg) 104.6 (29.2) 
Diastolic BP (mmHg) 65.0 (19.2) 
Heart rate (b.p.m.) 88.2 (31.2) 
Body temperature (°C) 37.0 (1.0) 
Comorbidity, n (%) 
Diabetes mellitus 2 (2) 
Hypertension 10 (11) 
Dyslipidemia 4 (4) 
Coronary artery disease 0 (0.0) 


Non-severe VRM (n= 385) P value 
ii ; 3 o snails i = s i 
0.006 
63 (16) 
138 (36) 
72 (19) 
45 (12) 
44 (11) 
13 (3) 
10 (3) 
0.016 
135 (35) 
250 (65) 
231 (60) 0.851 
90 (23) 0.001 
51 (13) <0.001 
55 (14) 0.017 
126.6 (21.3) <0.001 
77.5 (15.2) <0.001 
85.9 (18.2) 0.554 
36.8 (0.7) 0.151 
4 (1) 0.339 
17 (4) 0.021 
7 (2) 0.240 
2 (1) 1.000 


VRM, vaccine-related myocarditis; BP, blood pressure; IQR, interquartile range; SD, standard deviation. 


1.4 per 100000 vaccinated individuals with BNT162b2 vaccine and 
4.2 per 100000 with mRNA-1273 within 28 days of vaccination. 
These varying incidences of myocarditis among studies may be asso- 
ciated with the differences in the COVID-19 vaccines used and the 
risk period for myocarditis after vaccination. The ethnic difference 
may also be a possible explanation. 

Previous studies have suggested that COVID-19 VRM is associated 
with the use of mRNA vaccines, especially in young males and after 
the second dose of vaccination.” ® The present study also demon- 
strated similar findings that COVID-19 VRM develops predominantly 
in young adult and adolescent males and in association with mRNA vac- 
cines. However, epidemiologic characteristics of COVID-19 VRM inci- 
dence in Korea were different from those of the previous studies: (i) 
male predominance seems to be weak in Koreans, (ii) no remarkable 


difference between the first and second vaccination dose, and (iii) 
COVID-19 VRM was not uncommon in individuals aged between 40 
and 60 years. 

The clinical course or severity of VRM in our study was considerably 
different from the previous reports. COVID-19 VRM has been known 
to be mild in severity with favorable short-term clinical outcomes. In a 
large cohort study in Israel,” among 54 cases of COVID-19 VRM, car- 
diogenic shock leading to ECMO developed in only one patient. In a 
study including 40 hospitals in the USA,'° all COVID-19 VRM patients 
were discharged after a median of 2 days (IQR 2-3 days) and there 
were no readmissions or deaths. In the present study, however, we 
found 95 severe COVID-19 VRM cases (19.8% of total VRM) including 
36 FM and 21 death cases. Furthermore, we identified eight SCD cases 
only confirmed by an autopsy. Because our data incorporated more 
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Incidence (95% Cl) n 


Incidence of COVID-19 VRM according to the type of vaccines and order of vaccination 


Third vaccination 


Incidence (95% Cl) 
no./100 000 persons 


Second vaccination 


Incidence (95% Cl) n 
no./100 000 persons 


Table 5 
Type of Overall First vaccination 
vaccine eee eee e etree er raee 
n Incidence (95% Cl) n 
no./100 000 persons no./100 000 persons 
BNT162b2 306 1.23 133 0.54 
(1.10-1.38) (0.45-0.64) 
mRNA-1273 156 2.30 68 1.00 
(1.95-2.69) (0.78-1.27) 
ChAdOx1 15 0.14 5 0.05 
(0.08-0.22) (0.02-0.11) 
Ad26 3 0.20 3 0.20 
(0.04-0.58) (0.04-0.58) 
Total 480 1.08 209 0.47 
(0.99-1.19) (0.41-0.54) 


VRM, vaccine-related myocarditis; Cl, confidence interval. 


than 44 million people, there might be a possibility that more deaths 
could have occurred than in other studies with smaller populations. 
However, there was no death-related COVID-19 VRM in the largest 
cohort including 192 405 448 persons in the USA.? In that report, 
they analyzed clinical events in 826 cases of myocarditis among young- 
er than 30 years of age with detailed clinical information. Although we 
did not know the exact reason for this discrepancy between the two 
countries, the difference in the used case reporting system may be a 
possible explanation. Most studies from the USA used the VAERS, "' 
but this system is a passive reporting system that allows for underre- 
porting or overreporting. On the contrary, the Korean government 
made a reporting system for all adverse events before starting 
COVID-19 vaccination and established a national compensation sys- 
tem for all medical expenses related to adverse events of 
COVID-19 vaccination. Besides these systems, because VRM was 
the special adverse reaction of COVID-19 vaccination with a legal ob- 
ligation that should be reported to the KDCA, the risk of underre- 
porting for VRM might be minimized. The Korean government 
organized the causality assessment committee to review and confirm 
cases associated with the vaccination; the possibility of the overre- 
porting of VRM could also be minimized. 

The main problems regarding the BC criteria in the diagnosis of myo- 
carditis would be overreporting and underreporting. In some cases 
with limited imaging study and biomarkers, possible diagnosis can be 
made with only symptoms and ECG (BC level 3 criteria). However, 
to increase the accuracy and robustness of the diagnosis, modifications 
to the criteria are necessary. The use of endomyocardial biopsy, echo- 
cardiography, and biomarkers is critical in diagnosing myocarditis in clin- 
ical practice, and positive CMR imaging findings can further improve 
diagnostic accuracy.'” To reduce the risk of underreporting, suspected 
myocarditis patients may require more extensive cardiac imaging or 
biomarker assessments, while the use of level 3 criteria should be 
avoided to prevent overreporting. Although there was substantial miss- 
ing data for echocardiography or CMR imaging in the present study, the 
presence of positive cardiac troponin results in patients without cardiac 
imaging, along with the presence of robust symptoms of myocarditis, 
increased the reliability of the diagnosis. 


140 0.60 (0.50-0.71) 33 0.30 
(0.21-0.42) 
77 1.16 (0.92-1.45) 11 0.19 
(0.10-0.32) 
10 0.09 z 3 
(0.04-0.17) 
: : 0 0.00 
Day 0.55 44 0.24 
(0.48-0.63) (0.17-0.32) 


Sudden cardiac death was the most serious and worrisome adverse 
reaction of COVID-19 vaccination in our study. In eight SCD cases, 
VRM was not suspected as a clinical diagnosis or a cause of death before 
performing an autopsy. All SCD cases attributable to COVID-19 VRM 
were aged 45 years and 
Vaccine-related myocarditis was the only possible cause of death in 
all SCD cases. Therefore, SCD attributable to COVID-19 VRM demon- 
strated in this study warrants the careful monitoring or warning of SCD 
as a potentially fatal complication of COVID-19 vaccination, especially 
in individuals who are ages under 45 years and receiving mRNA 
vaccination. 

This study has several limitations. First, the present study has a possi- 
bility of underestimation of the incidence of COVID-19 VRM due to the 
nature of the current reporting system, even though the KDCA has tried 
many efforts to reduce the underreporting. In addition, cases of sus- 
pected myocarditis that meet BC level 2 criteria and do not have elevated 
cardiac troponin have been rejected for overreporting by the adjudica- 
tion committee, except in cases where there is clear evidence from 
both histopathology and CMR. Second, there can be a possibility of myo- 
carditis caused by other causes rather than COVID-19 vaccination be- 
cause etiologic evaluations including viral marker testing were not 
performed in all cases of COVID-19 VRM. However, the Expert 
Adjudication Committee of the KDCA did thorough investigations to de- 
tect other causes of myocarditis rather than vaccination. Third, the echo- 
cardiography and CMR findings should be interpreted with caution and 
cannot be generalized because not all patients had echocardiography 
or CMR data. Although this could be the cause of the underreporting 
usually, thorough measurement of cardiac troponin and endomyocardial 
biopsy could minimize those underreporting in the present study. Fourth, 
due to the fact that covariates such as baseline characteristics of the vac- 
cinated individuals without VRM are not included in the data reported to 
the KDCA, it was not possible to identify independent predictors for 
VRM in the entire vaccinated population. However, predictors for severe 
VRM were identified from the total cases of VRM. Finally, it was difficult 
to explain the reason for some of the patients developing myocarditis 
very early such as several hours to a day. Hypersensitivity reaction was 
proposed as a potential mechanism." 


under received mRNA vaccines. 
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Conclusion 


COVID-19 VRM was rare (1.08 cases per 100 000 vaccinated persons) 
and mainly developed in association with mRNA vaccines, especially in 
young males, in Korea. COVID-19 VRM showed relatively favorable clin- 
ical courses, but severe VRM cases including death or FM were found in 95 
cases (19.8%). Furthermore, all eight SCDs from myocarditis were seen in 
relatively young people within a week after MRNA COVID-19 vaccination. 
Severe COVID-19 VRM including SCD should be carefully monitored as a 
potentially fatal complication of COVID-19 vaccination, especially in indi- 
viduals who are aged under 45 years and receiving mRNA vaccines. 
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